The enzymatic transesterification of rapeseed oil and methanol with activated bleaching earth (ABE) as a medium was investigated in a solvent-free system. The initial fatty acid methyl ester (FAME) production rate in the solvent-free system was 2.3-fold lower than that in the organic solvent system, but there was not much difference between the overall reaction rates in the solvent and solvent-free systems. When ABE was added to the reaction mixture consisting of rapeseed oil, methanol, and lipase, the repeated batch production of FAME was conducted for 9 cycles without a significant inactivation of lipase. However, it was only repeated 6 times in the rapeseed oil-fed batch process, because of the inactivation of lipase. The FAME yield based on used lipase in the repeated batch process was 55.8 grams FAME per grams used lipase, which was two-fold higher than that of the oil-fed batch process.
Introduction
As the source of petroleum becomes instable and the world's petroleum reserves become depleted, much research on the use of renewable resources as energy sources has been carried out [1, 2] . The substitution of fatty acid methyl ester (FAME) for a part of diesel fuel is one method for reducing petroleum consumption [3] . FAME, which is collectively known as biodiesel, can be produced from animal fats and vegetable oil by transesterification of triglycerides with methanol [4] .
Enzymatic hydrolysis for the production of FAME has an advantage compared with the chemical method [5] . However, there are two major problems in using enzymatic hydrolysis. First, lipase is expensive and it is liable to be deactivated by a lower alcohol [6, 7] . To overcome this problem, some researchers carried out the reaction in an organic solvent to decrease the methanol concentration to improve lipase activity [8] . However, because organic solvents are very harmful to health and the environment, there may be safety issues regarding this process. For scale-up and continuous production of FAME in industry, the reaction without the use of organic solvent is an appropriate approach. Second, a heterogeneous reaction occurs because of the immiscibility of methanol and triglyceride, which causes a negative effect on the production of FAME [9] .
We utilized activated bleaching earth (ABE) as a medium for the production of FAME [10, 11] . ABE is a good adsorbent used in the oil refining industry due to its high adsorption capacity of coloring materials. After upgrading crude oils in the oil refining process, the waste ABE contains nearly 40% of its weight as waste oil and is discarded as a waste material. Therefore, the reutilization of waste ABE from this source is a good alternative for biodiesel production and it may make the biodiesel price competitive in the market. When vegetable oil extracted from this waste ABE was used for esterification using Candida cylindracea lipase, the conversion was only 13% (w/w) [11] . However, with the presence of ABE in the reaction mixture, the conversion improved dramatically, to higher than 80% for an 8 h reaction [11] , which it makes possible for the waste ABE to be used in the production of FAME without any pretreatment. In the transesterification reaction, ABE adsorbs methanol, which lessens the inactivation of lipase by methanol and maintains a high reaction rate [12] . Additionally, after transesterification, the waste ABE that contains lipase can be regarded as immobilized lipase that can be reused in the next cycle reaction, which will reduce the catalyst cost.
For the reutilization of ABE, we examined the repeated production of FAME using ABE as a reaction medium without any organic solvent. Two processes containing ABE were considered for the repeated FAME production, and lipase inactivation and the productivity the FAME in each process is discussed.
Materials and Methods

Materials
Lipases powders (QLM) from Alcaligenes. sp were purchased from Meito Sangyo (Nagoya, Japan). The methanol and rapeseed oil used for methanolysis were analytical grade and were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). All other chemicals used were of analytical reagent grade. Mizusawa Industrial Chemicals Ltd.
(Tokyo, Japan) provided waste ABE.
Methanolysis of rapeseed oil
The initial conditions were adopted from a previous study [3] . The reaction mixtures consisted of 2 g rapeseed oil, 3 g ABE, and 0.06 g lipase (3% (w/w based on oil weight)) under the conditions of 37 o C and 200 rounds per minute (rpm) in a reciprocal shaker (Bio Shaker, Takasaki Scientific Instruments Co., Japan). The molar ratio of oil to methanol was varied from 1:1 to 1:8.
To study the effect of ABE in the solvent-free system, the initial FAME production rate was investigated under a lipase concentration of 10%, on the basis of ABE and rapeseed oil weight. Because the reaction conditions, including ABE, lipase, methanol, and rapeseed oil concentrations, are known at time zero, the initial FAME production rate and the specific FAME production rate were defined as, 0 (mM/min) rate production FAME Initial
where P, C 0 , and t denote concentrations of produced FAME and used lipase, and reaction time, respectively.
Repeated production of FAME from rapeseed oil in reactor
Two kinds of repeated production of FAME were performed. One was a repeated batch process in which the produced FAME was separated from the reaction mixture and then new rapeseed oil and methanol were added to the reactor for the next cycle reaction. The other is a rapeseed oil-fed batch process. In every cycle reaction, rapeseed oil and methanol were added at regular intervals for the production of FAME. The produced FAME was harvested at the final cycle reaction. The starting reactants consisted of 234 g of ABE, 156 g of rapeseed oil, 23 g of methanol (the molar ratio of methanol and rapeseed oil 4:1), and 39 g of lipase, respectively. The reaction was carried out in a 2-L reactor mixing at 200 rpm using a stirrer (RZR 2020, Heidolph, Kelheim, Germany) and at a reaction temperature of 37 o C. For the second cycle, rapeseed oil (156 g) and methanol (23 g) were added to the reactor, and the reaction was repeated under the same reaction conditions as the first cycle.
Analytical methods
Lipase activity (IU/ml), defined as the amount of lipase that liberated 1 μl of free thiol groups per minute, was measured using a Lipase Kit S (Dainippon Pharmaceutical, Osaka).
Glycerol was measured using Kit F (R-Biopharm AG, Darmstadt, Germany). Five hundred microliters of the sample after methanolysis was extracted and centrifuged at 7155 g in a microcentrifuge. A 25-μg aliquot of supernatant was dissolved in 1.5 g of chloroform, and 2-μl aliquot of the solution was injected onto a gas chromatograph (GC-14B, Shimadzu, Kyoto) coupled with a glass column (3 mm x 2 mm) packed with 5% Advans DS on 80/100 meshes Chromosorb W (Shimadzu, Kyoto) and a flame ionized detector. Nitrogen gas as a carrier flowed at a rate of 50 ml/min, and the pressure of the used hydrogen gas and air were 0.6 and 0.5 kg/cm 2 , respectively. The detector and injection port temperatures were measurements were performed in triplicate and the concentration of FAME was determined from the methyl ester fatty acids of rapeseed oil, utilizing methyl pentadecanoate as an internal standard.
Result and discussion
Effect of ratio of rapeseed oil and methanol on FAME production
The crystal lattice of ABE is a three-layered structure, namely, silica-alumina-silica, which confers a large specific surface area and large adsorption capacity because of its porous structure. Rapeseed oil and methanol in liquid phase were immediately adsorbed onto the ABE generating a rapeseed-oil-methanol-ABE complex. Therefore, the balance of methanol and rapeseed oil is important in solvent-free methanolysis. To optimize the molar ratio of methanol to rapeseed oil, the addition of methanol to the reaction mixture was investigated using molar ratios of methanol to rapeseed oil from 1:1 to 1:8 ( Fig. 1) . The theoretical molar ratio of methanol to rapeseed oil is 1:3. When the ratio was 1:1 the FAME conversion was lower than 50%, and when the ratio was 1:3 it was 67%. This might be due to a diffusion limitation of methanol in the lipase-catalyzed transesterification on the surface of the ABE. When the molar ratio was 1:4, the FAME conversion reached to 81% in a reaction time of 4 h. However, in the case of a methanol molar ratio higher than 1:4, the conversion of rapeseed oil to FAME decreased and was lower than 60%. The low conversion efficiency using a high molar ratio of methanol is caused by methanol inhibition of the catalytic reaction, which was shown elsewhere [11] .
Comparison of FAME production rate between solvent and solvent-free system
The FAME production rate in a solvent-free system was compared to that using n-hexane as an organic solvent. When an organic solvent was used in the enzymatic esterification, the dependence of lipase concentration was 3.7 mmole/min/g used lipase,
whereas in a solvent-free system it was 1.6 mmole/min/g used lipase ( Fig. 2A) . The specific FAME production rate in the organic solvent system was 2.3-fold higher than that of the solvent-free system.
However, the overall FAME conversion, reached to 90%; thus, there was not much difference between the solvent and the solvent-free system (Fig. 2B) . When the lipase concentration was 10% (w/w) in the organic solvent system, the FAME production rate was 495 mM/min during the first hour of the reaction, 87 mM/min between 1 and 4 h, and 32 mM/min between 4 and 7 h. However, in the case of the solvent-free system, the FAME production rate was 165 mM/min during the first four hours of the reaction and 74 mM/min between 4 and 7 h. The initial FAME production rate of the organic solvent system was 2-3 times higher than that of solvent-free system (Fig. 2B) . However, in the case of the solvent-free system, the initial FAME production rate was lower than that in the solvent system, but it increased slowly. Finally, there was no difference in the overall FAME production rate. When the lipase concentration was 5% (w/w), there was no difference in the FAME conversion between solvent and solvent-free systems, except for the initial FAME production rate (Fig. 2B ).
Repeated and oil-fed batch process for FAME production in solvent-free system
When the FAME conversion was approximately 100%, one reaction cycle was over.
Produced FAME was recovered by centrifugation of the reaction mixture to remove the ABE. This cyclic reaction was repeated 8 times as shown in Fig. 3 . As the embedded rapeseed oil on the ABE was converted to FAME by the enzymatic esterification, the ABE adsorbed soon produced FAME. This is the reason why the reaction began with around 50% FAME conversion every cycle. This process was repeated till the 8 th cycle, maintaining the FAME conversion higher than 95%, but at the 9 th cycle the FAME conversion decreased to 90%.
To avoid the need to separate FAME from the reaction mixture every cycle, the substrates, rapeseed oil and methanol, were added at a regular interval. This process was repeated five times ( Fig. 3) , but the FAME production rate gradually decreased and reached to 85% at the 5 th cycle. The produced FAME remained in the reactor, which might cause an inhibitory effect on the catalytic activity of the lipase during the reaction. At the 1 st cycle the ABE adsorbed rapeseed oil and methanol, and methanol-rapeseed oil-ABE complex is formed, but lipase powder remained as a solid phase. When rapeseed oil embedded in the ABE was converted to FAME, rapeseed oil and methanol were added to the 2 nd reaction cycle. Throughout this process the amounts of ABE and lipase remained constant, but the amount of liquid phase was increased with the progress of the FAME oil-fed batch production. This causes to dilute the substrates of lipase in the whole reaction system.
Comparison of FAME production between two processes
FAME production is dependent on lipase activity in the reaction mixture. To investigate the inhibitory effect in the two processes on FAME production, residual lipase activity was measured. The repeated production process, in which the produced FAME was separated from the reaction mixture in every cycle, stabilized the lipase activity for 7 cycles without inactivation, and for the 8 th and 9 th cycles, the activity decreased to 90% (Fig. 4A) . On the other hand, in a rapeseed oil-fed batch production process without FAME separation, the lipase activity decreased gradually and reached 71% at the 6 th cycle (Fig. 4A ). This is due to an inhibitory effect of FAME on lipase activity. When the lipase was saturated by FAME, the lipase inactivation had the first-order kinetics (Fig. 4B) . The inactivation constant was -0.0199 h -1 with a correlation coefficient of 0.99 and the half-life of the enzyme was 34.8 h.
Therefore, the decrease in FAME production in the oil-fed batch process is consistent with enzyme inactivation. In the case of ABE medium, glycerol was not detected in FAME, and it was found that the glycerol was adsorbed by the ABE, which may favor the reaction towards product formation. In conventional chemical hydrolysis, additional separation processes, for example, dehydration and the separation of glycerol in the FAME, are required.. This reduces the separation of glycerol from the FAME; thus, ABE medium is suitable for continuous large-scale production.
Two FAME production processes are summarized as shown in Table 1 . ABE recovered from both processes was 431 g, because of the adsorption of 200 g of produced FAME. Although the used amount of ABE and lipase were 234 and 39 g, respectively, the repeated batch process produced 2.2 kg of FAME, while the oil-fed batch process produced 0.9 kg of FAME, suggesting the repeated batch process produced 2.4-fold more FAME than the oil-fed batch process. The FAME yield per used lipase was also 2.4 times higher in the repeated batch process. In our repeated batch process using the solvent-free system, the lipase, which was in existence only as a powder in the reaction mixture, as was ABE, was reused eight times without significant inactivation. This may be due to a kind of immobilization. Immobilization is one of the desirable technologies to reuse lipase without inactivation. Many kinds of supports have been examined for repeated use of lipase in FAME production. Many of them were inorganic supports, such as silica [13] , celite [14] , resin [15, 16] , and kaolinite [17] . Du et al [16] repeatedly reused immobilized lipase ten times at 30 o C. Immobilized Rhizomucor miehei lipase on celite maintained an activity of 90%, even though it was reused 8 times with a stepwise addition of 1M equivalent of methanol at 5 h intervals to avoid lipase inactivation [14] .
From the view point of the commercial production of FAME using lipase, the manufacturing cost is still an obstruction, of which lipase composes more than 90%.
Fifty-six grams of FAME was produced from 1 gram of immobilized lipase in the presence of ABE (Table 1) , which indicates the need for 0.018 grams of lipase per 1 gram of FAME production, corresponding 1.8 %(w/w) of FAME. This is still too high for the commercial production of FAME. Our estimation surmises that the amount of lipase should be lower than 0.5% (w/w) of FAME; thus, there is still requirement to develop technology for reducing and repeatedly using lipase without inactivation.
This study shows the possibility using ABE for the production of FAME in a solvent-free system. However, our final goal is to use waste ABE as a medium of transesterification reaction in a solvent-free system. A study on the improvement of the FAME yield per gram lipase using waste ABE as a reaction medium in a solvent-free system is still required to realize the industrial production of FAME as a fuel substitution. used lipase concentration was 10% w/w (circles) and 5% w/w (triangles). Fig. 3 . Repeated (open circles) and rapeseed oil-fed batch (closed circles) production of FAME in solvent-free system. When the FAME conversion reached 100% in each cycle, the FAME was separated from the reaction mixture and the next reaction cycle began. Arrows indicate the addition time of reactants. Long and short arrows indicate the addition time of reactants in repeated and oil-fed batch production of FAME, respectively. 
